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ABSTRACT
This paper studies the eﬀect of a plastic shear on the
tetrahedral vs. octahedral site stability for hydrogen, in
aluminium. Based on Density Functional Theory calculations,
it is shown that the tetrahedral site remains the most stable
site. It transforms into the octahedral site of the local
hexagonal compact structure of the intrinsic stacking fault.
The imperfect stacking is slightly attractive with respect to a
regular lattice site. It is also shown that the shearing process
involves a signiﬁcant decrease of the energetic barrier for
hydrogen jumps, at half the value of the Shockley partial
Burgers vector, but not in the intrinsic stacking fault. These
jumps involve a displacement component perpendicular to
the shearing direction which favours an enhancement of
hydrogen diﬀusion along edge dislocation cores (pipe
diﬀusion). The magnitude of the boost in the jump rate in
the direction of the dislocation line, according to Transition
State Theory and taking into account the zero point energy
correction, is of the order of a factor 50, at room
temperature. First Passage Time Analysis is used to evaluate
the eﬀect on diﬀusion which is signiﬁcant, by only at the
nanoscale. Indeed, the common dislocation densities are too
small for these eﬀects (trapping, or pipe diﬀusion) to have a
signature at the macroscopic level. The observed drop of the
eﬀective diﬀusion coeﬃcient could therefore be attributed
to the production of debris during plastic straining, as
proposed in the literature.
KEYWORDS
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1. Introduction
An important area of research, within the ﬁeld of environmental damage of
structural metallic alloys, is hydrogen embrittlement. This type of damage is inti-
mately related to the tendency of metallic systems to form a reﬁned dislocation
structure, ahead of crack tips [1,2], among which a crack can propagate at low
mechanical loads. Hydrogen is not only involved in the crack advance itself
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but is also responsible for the buildup of the speciﬁc dislocation structure. Some
related elementary plastic mechanisms (for a review see [3]), such as an
enhanced localisation in slip bands, have been recently quantiﬁed [4,5]. Also
of importance is the modelling of hydrogen diﬀusion in such a microstructure
[6], i.e. to include the presence of dislocations in continuum diﬀusion. This
has essentially been viewed as a stress bias, with an additional trapping at the
core of the dislocation [7–9] or at debris produced by plastic strain. Pipe
diﬀusion is not considered and only a limited amount of studies has been
devoted to the subject [10]. There is still a need to investigate the details of
the diﬀusion paths provided by the region of imperfect stacking at the core of
dislocations and along stacking fault ribbons, in a similar way to what was
done in the intergranular case [11].
Crack tip plasticity can also be inﬂuenced by adsorbed hydrogen [12,13]. This
issue has recently received a special attention with the use of Density Functional
Theory (DFT) calculations at crack tips [14,15]. The calculations show that H
increases the stress intensity factor for dislocation emission at the tip (kIe), with
a high inﬂuence of the adsorption site [14]. The eﬀect of sub-surface hydrogen
on dislocation emission, or of bulk hydrogen on the dissociation of the dislocation
core, can be, as a ﬁrst approach, modelled by calculating the generalised stacking
fault energy (GSF) [16–18]. The GSF is obtained by block shearing the crystal in
the direction of the Burgers vector, i.e. the bond shearing is localised in between
two adjacent crystallographic planes. Two previous attempts, usingDFT to evalu-
ate the GSF, have led to fairly diﬀerent results [17,19], depending on the way the
system was initially relaxed and the hydrogen concentration along the slip plane.
A crossover of the stability between the sheared tetrahedral site and the sheared
octahedral site suggests that H could change site during the shearing process
and that it would involve a very signiﬁcant reduction of theGSFs [17].On the con-
trary, it was found that at high H concentrations, the stacking would reconstruct
and that it would prevent sliding [19]. An additional motivation for the present
study, that will be detailed in a forthcoming paper [20], is the evaluation of
the eﬀect of sub-surface hydrogen on, in plane, Shockley partial emission at a
crack tip loaded in mixed mode I plus II [21]. In this crack-dislocation conﬁgur-
ation, the stress intensity factor is simply related to the lowest local maximum
of the GSF (the unstable stacking energy gus), by the relation:
kIIe(kI) =
NameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMe
2mgus(Duz)/(1− n)
√
. Duz is the elongation of the inter-planar dis-
tance normal to the slip plane, at the crack tip and μ and ν are elastic constants.
Mode I creates an intense traction stress, perpendicular to the glide plane,
which has a strong inﬂuence on the GSF. For this reason, the inﬂuence of Duz
on the site stability and diﬀusion barriers will also be presented.
The paper is organised as follows: ﬁrst, the methods are brieﬂy exposed;
second, the site stability for a hydrogen atom in a shear plane is reported;
third, the diﬀerent diﬀusion paths and related activation energies are given for
diﬀerent values of shear and transverse dilatation. The impact on the stacking
fault energy and on the eﬀective diﬀusion coeﬃcient are quantiﬁed and dis-
cussed. Finally, the main results are summarised and perspectives are given.
2. Methods and computational setup
The calculations consist in GSF calculations [22] where an fcc crystal is rigidly
sheared along a [112] direction (y-direction). Increasing the relative displace-
ment Duy of the upper block with respect to the lower bloc gives a ﬁrst local
maximum gus, the unstable stacking energy [18], followed by the intrinsic stack-
ing fault (ISF) (local minimum). The corresponding rigid shear is
(Duy = b = 1/6‖112‖), where b is the Burgers vector of a Shockley partial
(Figure 1). As mentioned in the introduction, the GSF is sensitive to transverse
stresses which can be high, for example when considering dislocation emission
at crack tips [21,23]. This is taken into account by introducing a displacement
Duz normal to the glide plane (the z-direction is along [111]).
First, the calculations are performed with an Al–H inter-atomic potential
described in [24]. This is because the stability of the H atom on the various
interstitial sites of the glide plane is given, to some extent, by the geometric
distortion of the Al cage around H when Duy is increased. This can be
studied by a crude repulsive Al–H interaction. The calculation being compu-
tationally fast with this scheme, the site stability and jump activation energies
can be systematically evaluated for a ﬁne grid of Duy and two values of Duz (0
and 0.05 a0, a0 being the lattice parameter of Al). The Al–H inter-atomic
potential was not speciﬁcally ﬁtted to any data related to plasticity, but to seg-
regation energies to surfaces, to vacancies, bulk diﬀusion barriers for jumps
from the tetrahedral site (T site) to the octahedral site (O site). So the compari-
son with the DFT results can also be seen as a test of the predictive capabilities
of the potential.
Figure 1. Schematic picture of the generalised stacking fault (GSF) calculation: (a) rigid block
shearing with Duy , the shear displacement, and Duz , the displacement perpendicular to the
glide plane (constant during the rigid shear). (b) Typical energy variation when a face centred
cubic crystal is rigidly sheared in the [112] direction. The inﬂuence of a stress perpendicular
to the glide plane is also schematically represented.
A number of conﬁgurations are selected for DFT calculations. They are
performed with the VASP (Vienna Ab-initio Simulation Package) implemen-
tation [25–27]. The Perdew–Burke–Ernzerhof (PBE) [28] exchange-correlation
functional for the generalised gradient approximation (GGA) is used. A plane-
wave basis set is employed within the framework of the projector augmented
wave (PAW) [29] method. On the basis of our tests, we have determined that
a cutoﬀ energy of 400 eV and a dense Monkhorst-Pack meshe [30]
(24×24×24 k mesh for the primitive cell to sample the Brillouin zone), are ade-
quate for a good convergence. The equilibrium theoretical lattice structure is
determined by minimising the Hellmann–Feynman force on the atoms and
stress on the unit cell. The convergence of force is set to 1.0×10−3 e/Å, respect-
ively. Ground states properties of fcc-Al, H2 and Al–H system are thus found in
excellent agreement with the literature [31].
To simulate the block shearing process, we use a slab composed of 8 atomic
layers in the [111] direction. A large vacuum space of 8 atomic layers parallel to
(111) plane is added between the periodically repeated slabs to avoid the inter-
actions between two successive slabs. The top 4 atomic layers of the system are
then sheared against the remaining 4 layers on the (111) plane in the [112]
direction. For the case of pure Al, each layer of the simulation box contains
only one atom. The sliding process is rigid. Tests with 12 atomic layers were
performed to examine the vacuum eﬀect. The GSF energies show no signiﬁcant
diﬀerences.
Evaluating the eﬀect of H on the GSF involves inserting an H atom in the T or
O sites. On the one hand, in Rice’s model, the shearing process is rigid. On the
other hand, the DFT calculations in [31] show that, in bulk Al, the relaxations
around the H atoms are very important because they invert the stability of the
O and T sites. Therefore, it was chosen to perform a local relaxation where
the atoms within a radius of 0.74 a0 around the H atom are relaxed while the
others are kept rigid during the GSF calculation. a0 is the lattice parameter.
Only the 4 Al atoms in the ﬁrst neighbour position of the initial T position
are relaxed. This number goes up to 7 during the shear process and then
down to 6 in octahedral position. 0.74 a0 is a distance in between the ﬁrst Al
neighbour distance in octahedral position (0.5 a0) and the second neighbour
position in tetrahedral position (0.83 a0). As a consequence, a much larger simu-
lation box (16 atoms per layer) is used when the H impurity is considered. As
discussed above, a tiny displacement Duz is imposed perpendicular to the shear-
ing plane. In a forthcoming paper [20], a comparison of the critical stress inten-
sity factor, obtained from gus values, with this relaxation procedure, and the
direct simulations of dislocation emission by Molecular Statics, conﬁrms that
the use of such relaxations is the physical way to introduce interstitial solute
relaxations in the GSF calculations.
Using the GSF energy calculations in pure Al, the hydrogen segregation
energy DEseg on the glide plane, at each shear step Duy, can be obtained by
simply comparing the GSF energies with and without H:
DEseg(Duy,Duz) = EAl+H(Duy,Duz)− EAl(Duy,Duz)− EAl+H0 + EAl0 (1)
where EAl+H and EAl are energies of deformed structures with and without H
respectively, EAl+H0 and E
Al
0 are the energies of an Al bulk with and without H,
respectively.
Furthermore, the nudged Elastic Band (NEB)method [32] is used to determine
the minimum energy pathways (MEP) for hydrogen migration along the glide
plane. In this study, a spring force-constant of 5 eV/Å is used between images
for the NEB calculations. The convergence of the forces for each image and size
of the simulation box are the same as those for the GSF energies calculations.
Similar calculations (GSF and H jump barriers) are performed with the EAM
potential, with the same local relaxations, but with a much larger box (30
atomic layers and 192 atoms per layer). The results are compared to theDFT ones.
3. Site stability under plastic shear
First, the stability of H in the glide plane is studied at increasing levels of shear
displacement (Duy). In the perfect fcc lattice of Al, the most stable interstitial site
is the T site. The O site is metastable and close in energy (Table 1). In a shear
plane, such as the one in Figure 2,two types of T sites are deﬁned according
to their height relative to the shear plane. T+ is right above a black Al atom
and is higher in the z-direction ([111]) than T− which is right below a Grey
Al atom. The O site is located at the centre of the two sheared atomic layers.
We want to understand how the stable sites for H are modiﬁed when an intrinsic
stacking fault (ISF) is gradually formed by block shearing the system up to 0.41
a0 (the module of the burgers vector b). A simple view of the Al–H bond, in the
lattice, is to consider it as a pair repulsion. The tetrahedral and octahedral cages
deﬁne the positions where this repulsion is symmetric. When the glide plane is
sheared, the cages are deformed and the stable position for H is transported
Table 1. DFT computed segregation energies (eV) as a function of the displacement shift in y
Duy and of the plane separation in z Duz .
(Duy , Duz ) (0,0) (0.2b,0) (0.45b,0) (0.6b,0) (0.8) (1b,0)
Eseg(T+) 0.000 0.022 −0.003 −0.002 0.040 −0.055a(OISF)
−0.066b (OISF)
Eseg(O) 0.080
a 0.086 0.078 0.080 0.107 0.019a (T–ISF)
0.09[33] 0.013b (T–ISF)
0.04b, 0.13[31]
(Duy , Duz ) (0, 0.05a0) (0.2, 0.05a0) (0.45b,0.05a0) (0.6b, 0.05a0) (0.8, 0.05a0) (1b, 0.05a0)
Eseg(T+) −0.049 −0.065 −0.048 −0.039 −0.030 −0.013
Eseg(O) −0.012 −0.001 0.019 0.018 0.009 0.015
Note: The values obtained with Duy = 0 or Duy = 1b are fully relaxed, while the others are obtained with only
local relaxations. b is the Burgers vector of the Shockley partial.
aFull relaxation.
bZPE correction included.
along the shear direction until, eventually, stability is lost and H moves to a new
meta-stable position.
Let us consider the shearing process of Figure 2, i.e. a translation of the upper
layer in the direction of positive y. The T+ site is the centre of a tetrahedron com-
posed of 3 Grey atoms (connected in Figure 2) and one black (immobile) atom.
By symmetry, the T+ site moves to the right with deformation. From a geometric
point of view, the displacement shift Duy = 0.5b can be considered as the value
separating the distorted T+ site of the fcc structure (in the y >0 direction) from
the distorted (in the y <0 direction) O site of the ISF structure. Both EAM and
DFT calculations show that the stable position for H smoothly moves from the
distorted T+ (fcc) site to the distorted O (hcp) site (Figure 3), as if the triangle
formed by the two Grey atoms at the left of the tetrahedron and the black atom,
the actual jump window for a T O transition, was pushing the H in the y-
direction. This mechanism does not operate in the case of the T− site (only
one Grey-black bond is stretched) and the H atom remains in the same position
during the entire shearing process (Figure 3), at least with EAM interactions (not
tested in DFT). Energetically, in the case of the T+ (fcc) O (hcp) transform-
ation, no discontinuity in the Eseg(Duy) curve is seen in the vicinity of
Duy = 0.5b (Figure 4(a)), in EAM. The energy increases which implies a
Figure 2. Side view (upper picture) and top view (lower picture) of the glide plane showing: the
top Al layer (grey atoms), which can be translated to the right to form an intrinsic stacking fault,
the bottom layer (black atoms) which is held ﬁxed. The three diﬀerent interstitial positions in the
glide plane are T+, T− and O. At each value of the shear displacement Duy , the ﬁrst neighbours
of the H atom are fully relaxed, while all other Al atoms are ﬁxed. The x, y and z-directions are
also represented.
small repulsion against segregation to stacking faults. The O (fcc) site becomes
unstable, with EAM interactions, at about Duy = 0.4b. A discontinuity appears
on the segregation energy versus shear curve (Figure 4(a)). The H atom abruptly
moves down and then gradually moves towards the distorted T− (hcp) site Duy
becomes larger than 0.5b (Figure 3).
Figure 3. The Al atoms from Figure 2 are shown in their ﬁnal position after the ISF was created.
The small circles represent the successive H position during the shear, starting from the three
interstitial positions of the fcc structure (Figure 2): T+ (fcc), T− (fcc) and O (fcc). The ﬁnal pos-
itions are respectively O (hcp), O (hcp) and T− (hcp).
Figure 4. Segregation energies for H on T+(fcc) and O(fcc) sites as a function of the shear: (a)
Duz=0; (b) Duz = 0.05a0. Note that full relaxation is used only for the perfect fcc lattice and
the ISF. Intermediate structures are minimised with the local relaxations of the neighbours of
H. This explains the discontinuities at end points of the curves in (a). Also note that all segre-
gation energies are shifted to negative values in (b), obtained with Duz = 0.05 a0, which
reﬂects the tendency of H to segregate to open spaces (like vacancies and free surfaces, by
the construction of the potential).
InDFT, the segregation energy variation ismuchweaker than in EAM (Table 1).
The octahedral site of the intrinsic stacking fault OISF is slightly attractive (−0.066
eV with full relaxation and ZPE correction included). The tetrahedral site T−ISF is
weakly repulsive (+0.013 eV). Our DFT calculations do not show any crossover of
the two curves Eseg(T+OISF) and Eseg(O(fcc)T−ISF), contrary to what is
reported in [17] using a diﬀerent H concentration and relaxation procedure. The
same trends in energy are obtained when a separation is applied in the z-direction
(Figure 4(b) andbottomTable 1). In addition, 4 diﬀerentmeta-stable positionswere
found for the distorted fcc octahedral site, all with segregation energies in the range
40–70meV (9–40meV with ZPE corrections).
4. Hydrogen diﬀusion under localised shear
We now consider hydrogen diﬀusion, under the eﬀect of Duy and Duz. The same
geometric distinction is made for diﬀusion as the one made for segregation:
below Duz = 0.5b, the structure is considered a sheared fcc structure with
diﬀusion paths connecting distorted T+, T− and O sites; beyond Duz = 0.5b,
the structure is considered a distorted hcp structure with paths connecting T+
(hcp), T− (hcp) and O (hcp). The elementary diﬀusion jumps are presented
on Figure 5(a). The symmetry is broken by the shear in y and jumps along
the y-direction are distinct from the ones which have a component in x. T+
and T− are equivalent, which leaves four diﬀerent paths, i.e. six diﬀerent
jumps since T+T− jumps are symmetric. From Figure 5(a), they are, for
the distorted fcc structure:
. T+↔O(1), with an x-component
. T+↔O(2), without x-component
. T+T−(2), with an x-component
. T+T−(1), without x-component
and in the distorted hcp structure:
. O(hcp)↔T+(hcp)(1), with an x-component
. O(hcp)↔T+(hcp)(2), without x-component
. T+(hcp)(1)T−(hcp)(3), without x-component
. T+(hcp)(2)T−(hcp)(2), with an x-component
The NEB method is used to calculate the energy barriers relative to the
diﬀerent jumps, at diﬀerent levels of shear displacement Duy. The relaxations
are therefore local. We start with the exhaustive results obtained with the
EAM interactions. Results obtained with full relaxations and local relaxations,
in the undistorted fcc structure and in the ISF structure, are ﬁrst compared
(Table 2). The diﬀerences in energies are less than 0.01 eV, which justiﬁes the use
of local relaxations for the barriers. An example of energy proﬁles, obtained by
the NEB, for the jumps T+T−(1) and T+O(1), at two diﬀerent levels of
shear displacement, are given in Figure 6. The energy barriers for a shear displa-
cement lower than 0.5b are presented in Figure 7(a,b). Note that the deformed O
site is no longer a stable position for H when the shear is over 0.25b. All the bar-
riers decrease with shear. For jumps from the T site, the easiest jumps are
T+ ↔T−(2) and for those involving the O site they are O(2)T+. We
Figure 5. Schematic picture of (a) the elementary jumps and (b) the various diﬀusion path from
a T+ site to another T+ site, in the fcc structure and in the local hcp structure of the ISF, relevant
to the EAM potential. The colour code for the diﬀerent sites is shown on the top of the ﬁgure,
while the numbers represent diﬀerent sites of the same nature, in coherence with the enumer-
ation of the diﬀusion paths in the text.
deﬁne a hydrogen diﬀusion step as a sequence of two consecutive jumps which
brings H from a T+ site to another T+ site. The most frequent jumps are those
involving jumps from T+ and T− sites, according to Transition State Theory and
since they have the lowest barriers. The easiest jump pathway is therefore
pathway (a) through T−(2) in Figure 5(b). The second easiest are (b) and (c)
which involve a T+T− jump without a component in x and a second one
with a component in x. With this potential, whatever the path taken, there is
always an acceleration of diﬀusion due to a fault in the stacking sequence. Fur-
thermore, if one considers an edge Shockley partial, the diﬀusion velocity will be
maximum along the core of the dislocation line, due to path (a). H on an O site
would jump immediately to neighbouring T+/T− sites due to a low energy
barrier connecting these sites.
When the shear is larger than 0.5b, the barriers are less aﬀected by the shear,
except the T+ISF(1)OISF whose barrier increases from 0.02 to 0.16 eV (Figure 7
(c)). There is a cross over with the evolution of the barrier for the T+ISF(2)↔T-
−ISF(2) jump at about 0.85b, a shear upon which this T/T jump becomes the pre-
ferential diﬀusion mechanism. Below 0.85b, the preferential diﬀusion path are
Table 2. Comparison of the barriers computed by full relaxation and local relaxation.
Pathway EAM
LR FR
T+O 0.192 0.202
T+T− 0.159 0.170
T+ (hcp) O (hcp) 0.156 0.159
T+ (hcp) T−(hcp) 0.138 0.147
Note: The calculations are performed in the undistorted fcc and hcp (ISF) structures. The unit is eV.
Figure 6. Energy proﬁles obtained by the NEB for jumps T+T−(1) and T+O(1), at two
diﬀerent levels of shear. The energy barrier is the maximum along this proﬁle. Atomic inter-
actions are given by the EAM potential.
(e) and (f) (Figure 5(b)). The jumps involve a large displacement component in
the shear direction. Beyond 0.85b, the diﬀusion behaviour is similar to the one of
the distorted fcc structure. It relies on T/T jumps: path (g) on Figure 5(b), and to
a lesser extent on paths (h) and (i). Again, the diﬀusion would be enhanced along
the line direction of an edge Shockley partial.
Some calculations are repeated using DFT. They conﬁrm, essentially, the drop
of the activation barrier for diﬀusion. The results are given in Table 3. In the
undistorted fcc structure, the jump barrier for T+O is 0.165 eV, which
agrees well with other calculations [31,33] and experiments [34]. The segre-
gation calculations reported above indicate that the T+ (fcc) site remains the
most stable site during the whole shearing process (i.e. it transforms into O
(hcp) which is more stable than T (hcp)). The shear induced reduction in the
Figure 7. Evolution of the energy barrier for the various H jumps as a function of the shear
obtained using the EAM potential: (a) for jumps from T+/T− sites; (b) for jumps from the O
site; (c) and (d) are similar to (a) and (b) respectively, but with an increase of inter-planar distance
Duz on the shear plane.
jump barrier is conﬁrmed: the barrier for pathway T+↔O(1) decreases by about
66% at a shear level of 0.45b (Table 1). Half of this drop comes from the ZPE.
The T+ ↔T− jumps are associated with two imaginary frequencies and are
not considered further. On the contrary, it is found that in the ISF structure
the migration barriers are very similar to the bulk ones. Therefore, there is
only an acceleration of diﬀusion in the core of the dislocations. In particular,
since the jump T+↔O(1) has a component in x, the DFT calculations indicate
the possibility of pipe diﬀusion at edge dislocation cores. The order of magnitude
of the barrier decrease is of 0.1 eV. Transition State Theory gives a boost in the
jump rate, at room temperature, of exp 0.1/kT  50. Modelling the impact on
diﬀusion requires taking also into account the segregation in the stacking fault
[35]. This behaviour is very similar to what was found in another fcc metal,
Pd [10] where the core sites also oﬀer a fast diﬀusion track (the jump barrier
is also decreased by about 50%).
In addition, the eﬀect of a displacement perpendicular to the shearing direc-
tion (Duz) has been quantiﬁed. It represents the eﬀect of a mode I loading on the
sub-surface interstitial sites [20]. The site preference is not modiﬁed (Table 1).
The traction involves a moderate segregation towards the shear plane
(Eseg  −50 meV). Similar to the case without traction, the diﬀusion barriers
are largely decreased (Table 3).
5. Discussion
Two results can be speciﬁcally discussed with respect to the literature concerning
H embrittlement: the impact of H segregation on the intrinsic staking fault (ISF)
Table 3. Hydrogen jump barriers, computed by DFT, with local relaxations (eV).
(Duy,Duz ) (0,0) (0.45b,0) (1b,0)
T+O 0.165a
0.17 [33]
0.15b, 0.18 [31]
0.16exp [34]
T+O2 0.143
0.142b
T+O1 0.093
0.049b
OISF T+ISF (2) 0.118
0.164b
OISF T+ISF (1) 0.123
0.169b
(Duy,Duz ) (0,0.05a0) (0.45b,0.05a0) (1b,0.05a0)
T+O1 0.102 0.088
0.047b
OISF T+ISF (1) 0.059
0.042b
Note: The decrease of the activation energy found with the EAM when the interstitial sites are sheared is conﬁrmed.
The dilatation perpendicular to the glide plane Duz also decreases the jump barriers.
aFull relaxation.
bZPE correction included.
energy and the role played by dislocations in H trapping. First, there has been a
debate [1,36] about the inﬂuence of H on the ‘mobility’ of dislocations. It was
proposed, based on in situ transmission microscopy, that H reduces the elastic
interaction between a dislocation and the obstacles in the glide plane resulting
in an enhanced depinning [1]. At the same time, dislocations have to drag the
Cotrell atmosphere composed of segregated H atoms which tend to pin them.
The same elastic shielding, but of the stress ﬁeld created by the dislocation
itself, can reduce the line tension [4] with consequences on dislocation multipli-
cation. Another aspect of the ‘Hydrogen Enhanced Localized Plasticity’ model is
slip planarity. It is classically related to the intrinsic stacking fault energy [4] with
constriction mechanisms of the core necessary for dislocations to change the
glide plane. Then materials with a high (resp. low) ISF energy have high prob-
abilities for cross slip events (resp. low). One possible mechanism for an H
enhanced slip planarity is a decrease of the cross slip probability due to a
decrease in the ISF energy. From the segregation energy DEseg = −0.066 eV
in Table 1 and the ISF energy gISF = 120 mJ/m2 [20] (the LDA approximation
gives the value of 165 mJ/m2 [37]) the variation of the ISF energy with bulk
hydrogen concentration cbulk is given by
gISF(cbulk) = gISF + c×
DEseg
Sat
(2)
c
1− c =
cbulk
1− cbulk exp
−DEseg
kT
(3)
where Sat =
NameMeNameMe
3
√
/4a20 is the surface per octahedral site, in the {111} orientation
and c is the average occupancy of an octahedral site in the ISF in equilibrium
with a bulk concentration cbulk on tetrahedral sites at temperature T. k is the
Boltzmann constant. The reduction of gISF is very signiﬁcant but only at very
high concentrations, beyond 1% atomic (Figure 8). Two curves are added for
comparison: Al with DEseg decreased down to −0.1 eV (to test the robustness
of the message with respect to an eﬀect of a superimposed hydrostatic stress
from a partial dislocation line) and Pd with DEseg = −0.044 eV [38].
Second, it has been measured that heavy plastic deformation decreases the
eﬀective diﬀusion coeﬃcient (see Figure 7 in [39] and also [40]). At the
microscopic level, possible reasons for this decrease are: hydrogen trapping
in the dislocation elastic stress ﬁeld (especially the hydrostatic tension in
the vicinity of the line of the edge dislocation [41]) and trapping at the dis-
location core. The trapping could also come from vacancies or internal stres-
ses produced by the heavy plastic deformation [40]. In this section, the
inﬂuence of the trapping at the stacking fault, or in the elastic ﬁeld, on the
eﬀective diﬀusion coeﬃcient and the possibility to have ‘pipe diﬀusion’
along the dislocation line is quantiﬁed. Following [39,42], the eﬀective
diﬀusion coeﬃcient Deff , considering a hydrogen atom performing a long,
uncorrelated, random walk among regular lattice sites and trap sites, at equi-
librium, is given by the Einstein formula:
Deff = 12d limN1
∑N
n=0
Drn2
t
(4)
where N is the number of jumps, t is the corresponding time and Drn is the
displacement vector of the nth jump. The sum can be rearranged by grouping
the terms that correspond to each speciﬁc type of jumps:
Deff = 12d limN1
∑
i
∑
j
Nij
ti
ti
t
Drij
2 (5)
where i is the index of the tetrahedral site, j is the index of the transition,
starting at site i, Nij is the number of transitions ij occurring during time ti
and ti is the amount of time the H atom spends on site i during time t.
Drij2 is the (squared) amplitude of the jump ij. In the limit N  1, Nij/ti
is the rate of the jump ij Gij and ti/t is the mean occupancy of site i pi.
Then the eﬀective diﬀusion coeﬃcient is
Deff = 12d
∑
i
pi
∑
j
GijDrij
2 (6)
H diﬀusion jumps are considered as Poisson processes with rates Gij given by
Gij = n0 exp−Eija/kT (7)
with the activation barrier Eija being the energy diﬀerence between the saddle
Figure 8. Evolution of the stacking fault energy gISF with the bulk hydrogen concentration at T =
300 K according to Equation 2. Additional curves represent the case of Pd and Al with a
decreased segregation energy to test the robustness of the trend. Occupancies c of the octa-
hedral site in the ISF is also given (Equation 3).
conﬁguration and the minimum energy conﬁguration [43]
Eija = Eijsaddle − Eiminimum. For an edge dislocation, the sum in Equation (6)
can be split into three parts. The ﬁrst one contains the contribution of the
sites only aﬀected by the elastic deformation. In the second one, the sites
belong to the stacking fault. There, trapping occurs with DEiseg = −0.066
eV but the diﬀusion barriers are similar to the one in the bulk (no pipe
diﬀusion). The third part contains the contribution of the sites of the dislo-
cations which border the stacking fault. At this location, there is no trapping
(DEiseg ≈ 0) but pipe diﬀusion occurs (the barriers are lowered in the direc-
tion of the line). Let us evaluate the elastic eﬀect ﬁrst. Hydrogen is sensitive
to hydrostatic stress ﬁelds, to which the segregation energy is simply pro-
portional. Following [41], the segregation energy due to the elastic ﬁeld is
written as
DEiseg = b
ui
ri
(8)
where ui and ri are the polar coordinates deﬁned in [41] with the extra
plane of the edge dislocation above the glide plane and
b = (mbe/3p)((1+ n)/(1− n)Dv) where μ and ν are the elastic constants,
be is the norm of the Burgers vector and Dv represents a local volume
change related to the insertion of the H atom at position (ui, ri). With Dv
equal to 20% of the atomic volume, the segregation energy at
(ui = −p/2, ri = be) is −0.13 eV, a reasonable value for searching an upper
bound of the elastic trapping eﬀect (for DFT calculations on H at a screw dis-
location in Fe, see [44]). Furthermore, stress also aﬀects the energy in the
saddle conﬁguration, also in a linear way [43]. The same form as Equation
(8) is chosen for the variation the saddle energy DEijsaddle = abui/ri with a
proportionality factor α. The ab initio calculations in [17] give a drop of
the activation barrier of −0.0056 eV every % of hydrostatic strain. It corre-
sponds to a factor a = 0.11507. To give an order of magnitude, the strain
in (ui = −p/2,ri = be) is of the order of 2.6% and the corresponding drop
of the barrier energy is −0.015 eV (the barrier without stress is 0.15 eV).
Now the eﬀective diﬀusion coeﬃcient related to the elastic stress eﬀect
alone can be calculated from Equation (6). The probability, at equilibrium,
that a hydrogen atom occupies site i is:
pi =
exp (− DEiseg/kT)∑
i exp (− DEiseg/kT)
(9)
where the extent of the sum depends on the dislocation density. For this, a
thin layer of width one period along the dislocation line and a square surface
centred on it is considered such that the number of sites M over which them
sum in Equation (6) runs is related to the dislocation density by
1/r = Ma20/4 for the fcc crystal oriented with respect to an edge dislocation
(the periodic cell has dimensions
NameMeNameMe
2
√
/2a0 ×
NameMeNameMeNameMeNameMe
3/2
√
a0 ×
NameMeNameMe
3
√
a0, contains 6
atoms and the dislocation lies along y). The activation barrier is modiﬁed
by the stress such that Eija = E0saddle + DEija − E0minimum − DEiseg , and
Ea = E0saddle − E0minimum is the activation barrier without stress. The eﬀective
diﬀusion coeﬃcient is
Delasticeff =
1
2d
∑
i
exp (− DEiseg/kT)∑
i exp (− DEiseg/kT)
{
∑
j
n0 exp−(Ea + DEija − DEiseg)/kTDr2ij
}
=D0
∑
i 1/4
∑
j exp (− abuij/rijkT)∑
i exp (− bui/rikT)
(10)
where (uij, rij) is the coordinate at the half jump position. The ratio
Delasticeff /D0 is presented on Figure 9, as a function of the dislocation
density. The elastic trapping is negligible at common dislocation densities
(below 1015 m−2) and is therefore ignored in the next calculations.
The system is now considered to be composed of Nbulk bulk sites, NSF sites of
the stacking fault (core sites) and Nline sites of the dislocation lines. Equation (6)
Figure 9. Evolution of the ratio between the eﬀective diﬀusion coeﬃcient and the bulk diﬀusion
coeﬃcient as a function of the density of dislocations ρ. Temperature is 300 K. The segregation to
the stacking fault is −0.066 eV. The eﬀect of pipe diﬀusion corresponds to a boost of 300 (see
the text).
gives, ignoring the elastic eﬀects:
Deff = 12d
1
1+ NSF
Nbulk
exp−(DEseg/kT) + NlineNbulk
∑
j
G0Dr
2
0
⎛
⎜⎜⎝
+
NSF
Nbulk
exp−(DEseg/kT)
1+ NSF
Nbulk
exp−(DEseg/kT) + NlineNbulk
∑
j
G0 exp (DEseg/kT)Dr20
+
Nline
Nbulk
1+ NSF
Nbulk
exp−(DEseg/kT) + NlineNbulk
∑
j
GijDr
2
ij
⎞
⎟⎟⎠
(11)
It is assumed that the barrier to exit from the stacking fault is Ea − DEseg which
leads to a compensation and ﬁnally
Deff /D0 = 1
1+ NSF
Nbulk
exp−(DEseg/kT) + NlineNbulk
+
NSF
Nbulk
1+ NSF
Nbulk
exp−(DEseg/kT) + NlineNbulk
+ 1
2dD0
Nline
Nbulk
1+ NSF
Nbulk
exp−(DEseg/kT) + NlineNbulk
∑
j
GijDr
2
ij
(12)
The ﬁrst term in Equation (12) is the Oriani model [42,45], the second term is
the negligible contribution from the sites of the stacking fault themselves
(NSF ,, Nbulk) and the third term is the contribution from the pipe diﬀusion
along the line. The trapping from the stacking fault has a very small eﬀect
(Figure 9). The same methodology [46] as the one used for modelling vacancy
eﬀects [42] on hydrogen diﬀusion is now used to evaluate the contribution
from pipe diﬀusion. The model considers the diﬀusion along the dislocation
line as a one dimensional random walk with a ‘leak’, i.e. after entering the dis-
location line, a hydrogen atom performs a sequence of fast TT jumps along
the line, with the possibility of rare ‘escape from the line’ jumps. In order to sim-
plify the calculation, the intermediate octahedral sites are not considered. The
goal is to evaluate
∑
j GijDr
2
ij, where i is the entrance site in the dislocation
line and j is the exit site, at a (squared) distance Dr2ij = 3/8Dr20 ∗ (i− j)2 if
(i− j) is the number of T sites inbetween the entrance and exit sites and Dr0
is the amplitude of a TO jump. The calculation requires the evaluation of the
time evolution of the occupancy oi of the various sites. This is obtained by
solving the master equations [42,46]:
doi
dt
= oi−1(t)Gi−1 i + oi+1(t)Gi+1 i − oi(t)(Gi i−1 + Gi i+1)− oi(t)
∑
k
Gexitik (13)
doout
dt
=
∑
i
∑
k
oi(t)G
exit
ik (14)
with Gi i+1 = n0 exp (− Eline/kT) (Eline = 0.05 eV from Table 3 for Duy = 0.45
b) and Gexitik = n0 exp (− Ea/kT) = G0 (Ea = 0.15 eV from Table 3 Duy = 0).
The number of exit paths per site of the line is 8 taking into account the two
TO pathes and the 6 OT pathes which brings the H outside the dislocation
line. oout measures the probability that H has exited the line, whatever the exit
path it took. The numerical resolution (Figure 10) requires that a ﬁnite
number of sites along the line is considered and therefore periodic boundary
conditions are used. At time 0, a hydrogen atom enters the line at site i, i.e.
the initial conditions for the master equation are oi(0) = 1 and oj(0) = 0. The
probability that the hydrogen atom exits from site j, after entering at site i, in
between times t and t+dt is oj(t)
∑
k G
exit
jk dt = oj(t)× 8G0dt and the probability
that the H exits by site j is
NameMe1
0 oj(t)× 8G0dt. This probability is easy to calculate
from the eigenvalues and eigenvectors of the transition rate matrix [46] corre-
sponding to Equations (13) and (14). The acceleration of diﬀusion due to pipe
Figure 10. Time evolution of the oi given by Equations (13) and (14) (T = 300 K, time in 1/(8G0)).
H enters the dislocation line by site 0. The numbers are the index of the sites, numbered with
respect to the entrance site 0.
diﬀusion is
1
2dD0
∑
j
GijDr
2
ij =
1
2dD0
∑
j
j2
∫1
0
oj(t)× 8G0dt × 3/8Dr208G0 (15)
= 3/4
∑
j
j2
∫1
0
oj(t)× 8G0dt (16)
At T = 300 K, this boost factor is 8.9, while at T = 150 K, it is 300 (or, equiva-
lently, if a system where the barriers were doubled i.e. 0.3 and 0.1 eV is con-
sidered). Inserted in Equation 12, this result has no eﬀect on macroscopic
diﬀusion, because the probability that the H atom enters the dislocation line
is too small at the dislocations densities considered. Only the larger boost of
300 could have an eﬀect, but even in this case it would just counter balance
the elastic trapping eﬀect, at high dislocation density (Figure 9). The conclusion
of the quantiﬁcation of the trapping/accelerating eﬀects of dislocations is that the
impact on diﬀusion, at the macroscopic scale, is weak. The hypothesis of a
massive trapping due to the debris produced by straining [47] remains.
Indeed, the hydrogen binding to vacancies is strong enough in Al that 1 ppm
vacancies decreases the diﬀusion coeﬃcient by a factor of 10 [48]. Note that,
at the nanoscale, both the trapping and pipe diﬀusion phenomena were observed
by tritium autoradiography in TEM, in Al [49]. This is coherent with the calcu-
lations presented here because it is only the low density of defects which hides
the eﬀects at the macroscale.
6. Conclusion
As a summary, this paper studies the eﬀect of a localised shear in a glide plane,
typically in the core of an edge dislocation, on hydrogen stability and migration.
DFT calculations show that the tetrahedral site of the face centred cubic struc-
ture of Al remains the preferential hosting site for H. It continuously transforms
into the octahedral site of the local hexagonal compact structure of the intrinsic
stacking fault. No stability crossover with the octahedral site was found. The
energy diﬀerence between the two increases signiﬁcantly in the ISF. Further-
more, diﬀusion barrier calculations show that the imperfect stacking signiﬁ-
cantly enhances diﬀusion, but not in the ISF where it is similar to the one in
the bulk. Diﬀusion becomes an-isotropic, with a marked reduction of barriers
perpendicular to the Burgers vector, i.e. a tendency to pipe diﬀusion along
edge Shockley dislocation cores. The order of magnitude of the boost on the
jump rate is a factor 50, at room temperature. The eﬀects of elastic and core seg-
regation on the macroscopic eﬀective diﬀusion coeﬃcient show that the eﬀect is
too weak, at the usual dislocation densities, to be detected. Pipe diﬀusion is also
quantiﬁed by First Passage Time Analysis [46] and, for the same reason, has a
very weak eﬀect at the macroscopic scale, for Al, although coherent with nanos-
cale experiments [49]. In addition, the Al–H inter-atomic potential described in
[24] has been extensively tested, which will be useful for further studies of sub-
surface H eﬀects on dislocation emission at crack tips [20].
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